Background/Aims: Accumulation of advanced glycation end-products, the well-recognized pro-inflammatory molecules, has been detected in renal tissues including tubules. The aim of the present study was to investigate the role of advanced glycation end-products modified low density lipoprotein (AGE-LDL) in inflammatory cytokines production in human proximal tubular epithelial cells and the underlying mechanism. Methods: The Interleukin-6 (IL-6) and Interleukin-8 (IL-8) production was examined by real-time PCR and ELISA. The expression of Toll-like receptor 2 and 4 (TLR2/4) was detected by flow cytometry and western blot. The interaction of TLR2/4 with AGE-LDL was examined by co-immunoprecipitation assay. The involvement of MyD88 and the downstream molecules in inflammatory cytokines production was examined by siRNA and pharmacologic inhibitors, respectively. Results: AGE-LDL interacted with TLR2 and TLR4. TLR4 siRNA showed stronger inhibition on AGE-LDL-induced IL-6 and IL-8 production than that of TLR2 siRNA. Silencing MyD88, but not TRIF, inhibited AGE-LDL-induced IL-6 and IL-8 production. AGE-LDL stimulation led to phosphorylation of JNK, p38, Akt and the p65 subunit of nuclear factor-κB (NF-κB). Pharmacologic inhibitor of Akt suppressed AGE-LDL-induced activation of NF-κB, but the inhibitor of JNK, p38 or ERK1/2 had no effect. Blocking MyD88, p38, JNK, Akt or NF-κB attenuated AGE-LDL-triggered IL-6 production. Conclusion: AGE-LDL induced IL-6 and IL-8 production via TLR2/4-MyD88-dependent pathway in tubular epithelial cells. These data suggest that activation of TLRs signaling in tubular epithelial cells by AGE-LDL might be a novel mechanism for the tubulointerstitial inflammation.
Introduction
Chronic tubulointerstitial inflammation and subsequent fibrosis is the final common pathway for all kidney diseases leading to chronic renal failure. Many factors contribute to chronic tubulointerstitial inflammation such as proteinuria, hypoxia, oxidant stress and hyperglycemia [1] . Increased formation and accumulation of advanced glycation end-products (AGEs) is common in patients with chronic kidney disease (CKD) [2] . AGEs are a heterogeneous group of proteins and lipids formed by the Malliard reaction
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International Publisher occurring in plasma and tissues and present in all renal compartments including tubules and interstitium in diabetic-and non-diabetic CKD [3] . Previous studies have shown that AGE modified albumin initiates inflammatory responses in renal tubular epithelial cells, mainly through interacting with receptor for AGEs (RAGE) [4] . Noteworthy, AGE modification occurs not only in albumin, but also in lipoproteins, lipids and nucleic acids. Accumulation of AGE modified LDL (AGE-LDL) has been detected in renal tubulointerstitium [5] . Although AGE-LDL is known to induce some cellular responses such as induction of foam cell formation [6] , it remains unknown whether AGE-LDL plays a role in tubulointerstitial inflammation, and if it is the case, what is the underlying mechanism.
Toll-like receptors (TLRs) are evolutionarily conserved family of pattern recognition receptors that play a critical role in regulating both innate and adaptive immune system [7] . It is becoming increasingly evident that, endogenous ligands released from damaged/stressed tissues can also signal through TLRs to generate inflammation. These ligands include heat-shock proteins, the nonhistone chromatin-binding protein high-mobility group box1 (HMGB1), and extracellular matrix components such as hyaluronan and fibronectin [8] . Recently, TLR4 and/or TLR2 have been implicated in promoting renal injury in renal ischemia-reperfusion injury, acute kidney injury, acute allograft rejection and antibody-mediated glomerulonephritis. The expression of TLR2 has been detected in rat diabetic nephropathy [9] . Knockout TLR2 or TLR4 attenuated tubulointerstitial inflammation and improved renal dysfunction in diabetic nephropathy [10, 11] . It has also been demonstrated that, in type 1 and type 2 diabetic patients, increased TLR2 and TLR4 expression in monocytes is positively correlated with hemoglobin A1c levels and homeostasis model assessment insulin resistance [12] . However, the ligands of TLR2/4 that initiate innate immune response in CKD need further investigation. The present study was set out to test the hypothesis that AGE-LDL promotes local inflammatory response via activating TLRs signaling in tubular epithelial cells.
Materials and Methods

AGE-LDL preparation
LDL was obtained from Yuanyuan Biotech Inc (Guangzhou, China). AGE-LDL was made according to established protocols [13] . In brief, AGE-LDL was prepared by incubation of LDL (2mg protein/ml) with D (+) glucose (0.2M final concentration) at 37ºC under sterile conditions with antioxidants (1mg/ml EDTA and 10μM BHT: 3,5-Di-tert-4-butylhydroxytoluene) for 4 weeks. After preparation, AGE-LDL was treated with DNAse/RNAse and then extensively dialyzed against PBS, pH7.4. Endotoxin levels in the preparation were determined using the amebocyte lysate assay kit (Sigma, St. Louis, MO, USA) and were found to be below 0.025EU/ml.
The free, non-glycated amino groups were determined using the trinitrobenzene sulphonic acid assay (TNBSA) [14] . The extent of LDL protein glycation was evaluated by measuring pentosidine formation spectrofluorometrically (excitation 335 nm, emission 385 nm) [15] . The lipid peroxide level was determined by using thiobarbituric acid reactive substances (TBARS) assay [16] . The electric charge of AGE-LDL and nLDL was determined by agarose gel electrophoresis (0.6%).
AGE-HSA preparation
AGE-HSA was prepared according to established protocols [17] . AGE-HSA contains 109.8U AGE/mg protein by measuring fluorescent AGEs using fluorospectrometry [17] , while native albumin contains 1.9 U AGE/mg protein.
Cell Culture
The immortalized HK-2 (American Type Culture Center, Manassas, VA, USA) was cultured at 37°C in 5% CO2 in DMEM/Ham's F12 (GibcoBRL, Grand Island, NY, USA) with 10% fetal bovine serum. After serum-starved in serum-free medium for 24h, HK-2 cells incubated with 10μg/ml LPS (E. 
Flow cytometry
After incubating with a monoclonal mouse anti-human TLR2 antibody or a polyclonal rabbit anti-human TLR4 antibody for 1 h at 4°C, HK-2 cells were then washed and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse secondary IgG (Santa Cruz Biotechnology Inc. CA, USA) or FITC-conjugated goat anti-rabbit secondary (Santa Cruz Biotechnology Inc. CA, USA) for 45 min and analyzed by flow cytometry using FACS Calibur and CellQuest software (BD FACS Calibur System, Franklin Lakes, NJ, USA).
Co-immunoprecipitation and western blot
Co-Immunoprecipitation was performed as previously reported [18] . In brief, after AGE-LDL treatment, HK-2 cell were lysed with lysis buffer (50mM Tris-HCl, pH 7.5, 150mMgt NaCl, 1% v/v Protease and Phosphatase Inhibitor cocktails). Cell lysates were preabsorbed with protein A/G agarose beads at 4°C for 1 h. After centrifuging, the supernatants were incubated with polyclonal AGE antibody (BD Biosciences, San Jose, CA ,USA) overnight at 4°C followed by incubating with Protein A/G agarose beads (Santa Cruz Biotechnology Inc. CA, USA) for 2 h at 4°C.
For western blot, the immunocomplexes or cell lysates were resolved with SDS-PAGE and transferred to nitrocellulose membranes. Membranes were incubated with indicated primary antibody overnight at 4°C. After washing with TBST, membranes were incubated with horseradish peroxidase (HRP)-linked secondary antibodies at room temperature for 1 h. Images were developed using ECL and exposed on X-ray films. Band density was analyzed using NIH Image J software.
Immunofluorescence staining
Immunofluorescence staining was performed as previously reported [19] . Briefly, cells were cultured to 60-70% confluence. After washing with cold PBS, cells were treated with 100% methanol at -20°C for 10 min followed by 0.1% Triton-X treatment at room temperature for 15 min. After washing with PBS, cells were incubated with rabbit polyclonal antibody against NF-κB p65 (Cell Signaling Technology, USA) overnight at 4°C followed by incubating with Alex488-conjugated goat anti-rabbit IgG for 1 h. Nuclei were counter-stained with Hochest 33258 (Sigma, St. Louis, MO, USA). Images were taken by confocal microscopy (FluoView™ FV1000, Olympus, Tokyo, Japan).
ELISA
Concentrations of IL-6 and IL-8 in the supernatants were measured using mouse-specific ELISA kits (R&D, Minneapolis, MN, USA) according to the manufacturer's protocols. Results were normalized by cellular protein levels.
Real time PCR
HK-2 cell were homogenized with Trizol reagent (Invitrogen, Carlsbad, CA, USA), and total RNA was extracted according to the manufacturer's instructions. RNA concentration was calculated using a Nanodrop ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Aliquots of each RNA extraction were reverse-transcribed simultaneously into cDNA using One-Step RT-PCR kit (TaKaRa, Tokyo, Japan) according to the manufacturer's protocol. Each quantitative real-time PCR was performed in a total volume of 25μl in duplicate by using the SYBR ® Premix Ex Taq™ kit (TaKaRa, Kyoto, Japan) and the Fast Real-Time PCR system 7500 (Applied Biosystems Inc., Foster City, CA, USA). The following sets of primers were used: IL-6:
Briefly, the thermal cycling conditions comprised a 30 seconds step at 95°C, followed by 95°C for 5 seconds and 60°C for 34 seconds for 40 cycles with melting curve analysis. Relative quantification of each gene was calculated after normalization to GAPDH mRNA by using the 2 -∆∆CT method.
RNA interference
Small interfering RNAs used in this study were obtained from Shanghai GenePharma Co. LTd. 
Statistical analysis
Data were presented as mean ± standard devia-tion (SD). Difference in mean values between groups was tested with the one-way ANOVA. To identify significant differences between the two groups, comparisons were made by independent sample t-test. p≤0.05 was considered statistically significant. Statistical analysis was performed with SPSS 13.0 for Windows.
Results
AGE-LDL interacted with TLR4 and TLR2 in human proximal tubular cells
To investigate the expression of TLRs in human proximal tubular cells (HK-2), we first performed FACS analysis. As shown in Figure 1A , when HK-2 cells were incubated with anti-TLR2 antibody or anti-TLR4 antibody, 12.58% of HK-2 cells were detected as positive for TLR4 and 3.74% of cells were detected as positive for TLR2, suggesting TLR4 is expressed more frequently and with higher intensity than TLR2 on HK-2 cells. The expression of TLR4 and TLR2 in HK-2 cells was further confirmed by western blot ( Figure 1B) . To test whether AGE-LDL interacts with TLR4/2, HK-2 cells treated with AGE-LDL were lysed and cell lysates were incubated with anti-AGE antibody. The immunoprecipitates were then immunoblotted with anti-TLR4 or anti-TLR2, respectively. As shown in Figure 1B , precipitation of AGE resulted in the co-immunoprecipitation of TLR4 and TLR2, suggesting that AGE-LDL interacts with both TLR4 and TLR2 in HK-2 cells. Neither native LDL nor AGE modified human serum albumin (AGE-HSA) was co-immunoprecipated with anti-TLR4 antibody, indicating that interaction of AGE-LDL with TLRs is a specific property of AGE-LDL. with AGE-LDL, native LDL, or AGE-BSA, respectively, the interaction between AGE-LDL and TLR2 or TLR4 was analyzed by immunoprecipitation using anti-AGE antibody and detected by immunoblotting using anti-TLR2 or anti-TLR4 antibody, respectively. The protein level of TLR2 and TLR4 in HK-2 cell lysate was examined by western blot.
AGE-LDL-induced IL-6 expression was mainly mediated by TLR4
Since IL-6 production is tightly regulated by TLRs signaling [20] , we next examined whether AGE-LDL stimulation lead to IL-6 production. As shown in Figure 2A -D, Real time PCR (Figure 2A, 2C ) and ELISA ( Figure 2B, 2D ) demonstrated that, compared with native LDL, AGE-LDL significantly induced IL-6 production in HK-2 cells in a time-and dose-dependent manner. Likewise, AGE-LDL significantly increased the production of IL-8, another downstream target of TLRs signaling (Figure 2A-D) . We further treated HK-2 cells with Polymyxin B (PMX-B), a specific inhibitor for lipopolysaccharide (LPS). As shown in Figure 2E -F, PMX-B dramatically inhibited LPS-induced IL-6 production at both mRNA and protein level, but had no obvious effect on AGE-LDL-induced IL-6 production, indicating that the stimulatory effect of AGE-LDL on IL-6 production was not caused by LPS contamination. We next investigated whether the effect of AGE-LDL on IL-6 production was mediated by TLR2/4. To address this issue, we knocked down endogenous TLR4 or TLR2 in HK-2 cells using siRNA and the efficiency of TLR4/2 siRNA was examined by western blot ( Figure 3A) . The mRNA level of IL-6 was measured by real-time PCR. As shown in Figure 3B , TLR4 siRNA resulted in a more dramatic decrease of AGE-LDL-induced IL-6 production than that of TLR2 siRNA (68% and 33% decrease of the IL-6 expression by TLR4 and TLR2 siRNA, respectively). Consistent with this data, ELISA showed that knockdown TLR4 led to 65% decrease of IL-6 secretion, whereas, TLR2 siRNA caused 29% decrease of IL-6 secretion ( Figure  3C ). Altogether, these data indicated that AGE-LDL induced IL-6 expression was mainly mediated by TLR4 in tubular epithelial cells. Similarly, TLR4 and TLR2 siRNA lowered AGE-LDL induced-IL-8 production as that of IL-6 ( Figure 3D-E) . 
MyD88 mediated AGE-LDL-induced-IL-6 production
Since MyD88 and TRIF are adaptor proteins downstream of TLR4 involved in the stimulation of the inflammatory response [21] , we next examined which one is responsible for AGE-LDL-induced IL-6 and IL-8 expression by knockdown endogenous MyD88 or TRIF using siRNA. The efficiency of siRNA was confirmed by western blot ( Figure 4A ). MyD88 siRNA effectively lowered the level of AGE-LDL-induced IL-6 and IL-8 mRNA ( Figure 4B ) and protein expression ( Figure 4C ). However, TRIF siRNA had no influence on IL-6/8 expression. To further confirm that AGE-LDL specifically activates MyD88 pathway but not TRIF pathway, we examined the effect of AGE-LDL on the expression of IFN-β, a downstream target of TRIF pathway. As expected, LPS significantly augmented IFN-β expression at both mRNA and protein level, but AGL-LDL had no obvious effect ( Figure 4D -E). TLR4 and TRIF siRNA dramatically inhibited LPS-induced IFN-β production, but MyD88 siRNA had no effect ( Figure 4F-G) . Altogether, these results indicated that MyD88 is responsible for mediating AGE-LDL-induced IL-6/8 production in tubular epithelial cells.
AGE-LDL-induced phosphorylation of JNK, p38 and Akt was dependent on MyD88
Activation of mitogen-activated protein kinases (MAPKs) or Akt is the downstream signaling of MyD88 [20] . As shown in Figure 5A -B, AGE-LDL stimulation resulted in rapid phosphorylation of Akt, p38 and JNK, but not ERK1/2. To explore their relative importance in AGE-LDL-augmented IL-6 production, specific pharmacologic inhibitors SP600125 (SP), UO126 (UO), SB203580 (SB) and LY294002 (LY) were used to inhibit JNK, ERK, p38 MAPK and Akt, respectively. As shown in Figure 5C -D, pretreatment with SB, SP or LY significantly suppressed AGE-LDL induced IL-6 expression and secretion, but UO had no obvious effect.
To examine the involvement of MyD88 in AGE-LDL-induced p38, JNK and Akt activation, we knocked down MyD88 using siRNA. As shown in Figure 6 , MyD88 siRNA significantly suppressed AGE-LDL-induced phosphorylation of p38, JNK and Akt. On the other hand, TRIF siRNA had no obvious effect. Taken together, these results defined JNK, p38 and Akt, but not ERK, as the downstream mediators that propagate MyD88 activation into downstream pro-inflammatory responses induced by AGE-LDL in tubular epithelial cells.
AGE-LDL induced NF-kB activation via MyD88-Akt signaling
NF-κB activation is a signature downstream event for TLRs-ligand interaction [20] . We thus examined the effect of AGE-LDL on NF-κB activation. As shown in Figure 7A , phosphorylation of NF-κB subunit p65 was increased 5 min after AGE-LDL stimulation. Maximal phosphorylation occurred at 15 to 30 min after AGE-LDL stimulation. The translocation of NF-κB into nucleus after AGE-LDL treatment was detected by immunofluorescence staining ( Figure  7B ).
To explore the role of NF-κB activation in AGE-LDL induced IL-6 expression, we knocked down NF-κB subunit p65 using siRNA. The efficiency of p65 siRNA was examined by western blot ( Figure 7C ). Real time PCR and ELISA showed that IL-6 expression ( Figure 7D ) and secretion ( Figure 7E ) was decreased in p65 siRNA transfected cells compared with scramble siRNA transfected cells. Pre-incubating HK-2 cells with NF-κB inhibitor Bay11-7082 showed similar inhibitory effect on IL-6 production ( Figure  7D -E). These data suggest that NF-κB activation is responsible for AGE-LDL-induced IL-6 production.
To decipher the signaling events involved in AGE-LDL induced-NF-κB activation, we first knocked down MyD88 or TRIF by siRNA. As shown in Figure 8A , MyD88 siRNA significantly abolished AGE-LDL-induced phosphorylation of p65, but TRIF siRNA had no obvious effect. We next pre-incubated HK-2 cells with SB, SP, UO or LY before AGE-LDL stimulation, respectively. As shown in Figure 8B , Akt inhibitor LY dramatically attenuated AGE-LDLinduced phosphorylation of p65, but inhibition of p38, JNK and ERK1/2 had no obvious effect, indicating that AGE-LDL-induced NF-κB activation is specifically mediated by Akt. 
Discussion
Accumulating evidence indicates that immunologic and inflammatory elements play a significant role in initiating and extending tubular injury in chronic kidney diseases, but the mechanisms are not fully understood. In the present study, we detected the expression of TLR2 and TLR4 on the surface of human proximal tubular cells which is consistent with previous reports [9] , but the expression level of TLR4 is higher than that of TLR2. Since previous study has shown that AGE-LDL interacts with TLR4 in endothelial cells [18] , we therefore examined the interaction of AGE-LDL with TLR2/4 in proximal tubular cells. Co-immunoprecipitation assay revealed that AGE-LDL interacted with both TLR4 and TLR2. However, silencing TLR4 resulted in a more dramatic decrease of IL-6/8 expression than that of TLR2 siR-NA, suggesting that TLR4 plays a more critical role in AGE-LDL-induced inflammatory response than that of TLR2. In support of our data, previous study reported the increased expression of TLR4 in the renal tubules in human kidney with diabetic nephropathy, but not of TLR2 [12] .
We next sought to identify the signaling components involved in AGE-LDL-induced IL-6 production in renal tubular epithelial cells. Since all the TLRs except TLR3 activate the MyD88 pathway [21] and TRIF is the MyD88-independent adaptor protein of TLR4 involved in LPS-induced inflammatory response [22] , we first analyzed their roles in AGE-LDL-induced IL-6 production. Knocking down MyD88 dramatically inhibited AGE-LDL-induced IL-6 production, but TRIF siRNA had no effect, suggesting that, unlike LPS, AGE-LDL did not activate TRIF pathway. To further confirm that AGE-LDL indeed activated MyD88 pathway, we examined the expression of IL-8, another downstream target gene of MyD88. Real time PCR and ELISA assay revealed that AGE-LDL significantly upregulated IL-8 expression. Moreover, we showed that AGE-LDL did not affect IFN-β production, a proven downstream target of TRIF pathway [20] .
We next investigated the effect of AGE-LDL on the activation of MyD88-dependent downstream signaling. LPS has been shown to activate p38, JNK and ERK1/2 all three MAPKs [23] . HMGB1, the endogenous ligand of TLR4, enhanced the phosphorylation of ERK1/2 and p38, but no effect on the phosphorylation of JNK [24] . In the present study, we showed that AGE-LDL selectively activated JNK and p38, but not ERK1/2.
NF-κB activation is a signature downstream event for TLRs-ligand interaction [20] . Studies with MyD88-null mice suggested that LPS activates a MyD88-independent pathway mediating NF-κB activation [25] . However, we observed that silencing MyD88 almost completely inhibited AGE-LDL-triggered NF-κB activation, but silencing TRIF had no effect. When we further dissected the downstream signaling of MyD88, we found that Akt plays a central role in AGE-LDL-induced NF-κB activation, whereas p38 and ERK1/2 apparently were not involved. Previous studies showed that p38 contributes to HMGB1-induced nuclear translocation of NF-κB [26] . It has also been shown that p38 participates in LPS-induced nuclear accumulation of NF-κB in neutrophils and is involved in modulating NF-κB-dependent transcription in macrophages [26] . Although the mechanism underlying this difference remains to be investigated, these findings suggest that various ligands of TLR4 may lead to the activation of different downstream pathways and cause diverse phathophysiological events. Supporting of this hypothesis, a previous study has shown that interaction of TLR4 with an early form of oxidized LDL induces polymerization and spreading of macrophages via activation of spleen tyrosine kinase [27] . Also, the interaction of TLR4 with oxidized LDL results in the activation of the NF-κB-ERK1/2 pathway and upregulated the expression of bone morphogenetic protein-2 [28] .
AGEs modified proteins have been increasingly scrutinized as immunological provocateurs in CKD [29] . In vitro studies demonstrate that AGEs initiate a range of inflammatory responses, including chemotaxis and synthesis of pro-inflammatory cytokines [29] . In vivo, the relevance of AGEs in CKD is supported by the observations that AGEs formation occurs at an accelerated rate in CKD, and AGEs correlate with neopterin and TNF-α levels in patients with CKD [29] . Mounting evidence indicates that AGEs induce tissue damage by several mechanisms, including cross-linking of proteins, binding to the receptors for inducing oxidative stress, chemotaxis, synthesis of pro-inflammatory cytokines, and cellular dysfunction [2] . In renal tubular epithelial cells, AGE modified albumin initiates inflammatory responses mainly through interacting with scavenger receptors such as RAGE [4] . However, the receptor mediating the effect of AGE modified lipids on these cells remains largely unknown. The present study showed that AGE-LDL specifically interacted with TLR4 and TLR2 in human proximal tubular cells, indicating that AGE-LDL may initiate innate immune response via activation of TLRs signaling. Most recent study demonstrated that RAGE binds to TIRAP and MyD88 thus mediate the activation of TLRs signaling by AGE-BSA [30] . Taken together with our findings, these data indicate that AGE modified molecules could activate TLRs signaling through binding to either TLR receptors on the cell surface or the intracellular adaptor proteins of TLRs. AGEs accumulation is prevalent in various forms of CKD especially in diabetic nephropathy [2] . Therefore, activation of TLRs signaling by AGEs implies a novel mechanism for tubulointerstitial inflammation in diabetes associated CKD.
